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ABSTRACT 
For ultrasonic testing (pulse-echo or tandem) the surface of a test piece is scanned by a probe or 
a probe array. Time-delay and amplitude for each pulse, locus of incidence, reflector inside the beam 
and wave path, are measured. Shape and position of reflectors are reconstructed from time-delay locus 
curves. In addition, isolated amplitude-locus curves derived from measurements are compared to calculations 
for several reflector modes. The best fitting model is selected. Diameter or width and inclination are 
determined. 
Physics and science in general are the most 
important resources for progress in NOT. Real 
industrial problems are complicated. Normally, 
they cannot be solved just by applying physics, 
mathematics, computer science, etc. It is the aim 
of NOT research to solve industrial problems or 
to contribute to solutions. Therefore, beside 
applying science, decisions based on practical 
experience and engineering common sense are in-
volved in any major innovation in NDT. 
In ultrasonic testing the basic unsolved 
problem is RECONSTRUCTION OF REFLECTORS from 
measurements obtained by scanning a component to 
be tested with small probes or probe arrays. 
Amplitude, phase or time delay, and spectrum are 
measured or at least can be measured for each 
position of the probes where a pulse is emitted. 
What finally is obtained are cross sections 
through the radiation patterns reflected from 
defects or other obstacles. When amplitude, phase 
and spectrum are measured physically, it is 
possible to reconstruct reflectors. There are 
several ways to do it; e.g. holography (1-4), 
synthetic aperture (5), spectrum analysis 
(6-14), inversion of scattering patterns (15-19), 
etc. None of these possible procedures to re-
construct reflectors is well enough developed for 
full practical application but all basically are 
well understood. 
In a practical case, a decision has to be 
made as to the methods of reconstruction. For 
such a decision not only testing procedures, data 
acquisition, mathematical models for reconstruc-
tion, but also disturbances which happen during 
the testing procedure have to be considered. 
We present in this paper an ultrasonic test-
ing system involving twofold reconstruction. The 
system primarily has been developed for in-service 
inspection in the nuclear industry, but it can be 
applied more generally. With regards to materials 
integrity and for safety demand, the primary 
circuit and therein the reactor pressure vessel 
are most important. This vessel is cladded with 
austenitic stainless steel. Most of the in-service 
inspection is done under water from the inside. 
The welded cladding as well as the water coupling 
gaps are sources for phase disturbances. As an 
example, Figs. 1 - 3 show holographic reconstruc-
tions of a pattern of flat circular reflectors (20). 
Fig. 1. Reconstructions of a flawpattern in an 
ungrounded plated test specimen. 
Material: 22 N1MoCr 37 
Cladding: 23 Cr/11 N1 
Surface roughness 65 ~m 
In the first Fig. the ultrasonic hologram 
was picked up through an austenitic cladding in 
an as weld condition; in the second the cladding 
was ground and in the third the specimen was not 
cladded at all. It is clearly shown that the 
cladding and especially the surface of the clad-
ding causes serious disturbances of the hologram. 
Similar disturbances are to be expected for 
other phase-sensitive methods like synthetic 
aperture. For reasons previously mentioned and 
others there are limitations on the application 
of phase-sensitive reconstruction methods. 
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Fig. 2. 
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Reconstructions of a flawpattern in a 
plated test specimen. 
Ground surface: 2,5 pm 
hologram flawpattern 
Fig. 3. Test specimen without cladding. 
Flaw depth: 100 nm 
us-frequency: 5 MHz 
Typical linear dimensions for limits of de-
tection demanded for big forgings are millimeters; 
that means kd ~ 6 for frequencies in the 10 MHz 
range. When the size of an obstacle is smaller ?r 
equal to the wavelengths, imaging is not approprl-
ate. In thick forgings, plates and components fab-
rication or operation induced defects may occur 
which are bigger or even much bigger than a wave-. 
length. Imaging in this case is the most appropr~­
ate evaluation method to reconstruct defects. Th1s 
situation demands the twofold approach based on 
scattering models for the smaller defects and 
imaging for the bigger ones. The key-terms of the 
system we have ·developed are given in Fig. 4 
(19,21,22). 
-sampling 
-pulse echo, tandem, through-transmission, 
-amplitude- and time-delay-locus-curves, 
-elimination of stochastic and coherent 
background by time-delay-locus-curves, 
-resolving reflectors by time-delay-lc>cus-
curves. 
-reconstruction of borders of reflectors 
by time-delay-locus-curves, 
- determination of the type of reflector by 
pattern recognition methods using diffraction 
theory, 
-determination of the selected types. 
Fig. 4. Steps of flaw reconstruction. 
The major features of the system are described 
below. 
By means of automatic testing procedures, 
data for each particular reflector are sampled 
from different positions of the probes. At least 
in the far-field of the incident beam reflectors 
normally are smaller than the beam diameter. 
Therefore, the reflector is covered by the beam 
for several positions of the probe. 
The probe array used for pulse-echo and 
tandem testing and also through-transmission is 
shown in Fig.5. This array meets the demands of 
the German regulations for in-service inspection 
in the nuclear industry (23). 
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Fig. 5. Probe array for testing pressure vessels. 
The first and the last probes are used for 
through-transmission and pulse-echo from two di-
rections. The probes in between are transmitters 
for tandem measurements. The tandem technique 
covers cracking at the "weld-base metal" interface 
inside the wall. 
For each pulse-echo or tandem shot amplitude 
and time-delay of each peak are measured. Ampli-
tude and time-delay-locus-curves are obtained. 
Typical curves are shown in Fig.6 for vertical 
and oblique incidence. For each reflector several 
time-delay-locus-curves are obtained; Fig.7; 
two for direct access from the left and the right 
side, two more for access through bottom reflec-
tions and up to eight more curves due to the side 
lobe reflections. Normally wide beams are used. 
More than one reflector can be inside the beam 
for the same position of the probe, but the time-
delay-locus-curve will be different for each re-
flector. · 
In reality, the time-delay-locus-curves are 
different from those shown in Fig.6. There,may be 
fadings due to fluctuations or scattering at the 
back wall. Also stochastic and coherent noise may 
occur. An example is shown in Fig.8. There are 
welding and metallurgical defects in the plate. 
Besides these, there are side-drilled and flat 
bottomed holes. Noise may be caused by scattering 
due to segregations, or at the surfaces and out-
side the system. 
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Fig. 6. Typical signal locus curves. 
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Fig. 7. Ways of ultrasound to one reflector. 
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Fig. 8. Time delay locus curves testing values 
with noise. 
Whatever the source of the noise, and inde-
pendent of whether noise is stochastic or coherent, 
it does not give a time-delay-locus-curve with a 
regular shape. Therefore, by simple algorithms, 
signals belonging to the locus curves caused by 
reflectors can be selected. The result is shown in 
Fig. 9. Moreover, these curves have been 
smoothed and completed. 
By means of the geometrical procedures indi-
cated in Fig. 10, the borders of any particular 
reflectors can be reconstructed. Further details 
are given in (22). 
For further evaluation using scattering 
mathematics (24,25), only those amplitude values 
are selected which belong to time-delay-locus-
curves. The measured radiation pattern of the 
emitter, the reflector and the receiver. Moreover, 
the distance of the reflector from the emitter 
and receiver is involved. Before applying diffr.ac-
tion theory, the radiation pattern of the reflec-
tor has to be isolated. This can be done by known 
procedures as long as the probes are properly de-
signed or the radiation pattern properly measured. 
The distance is known from time-delay measure-
ments. 
1(.1Jolll t 
.... 
.· 
.,; ..... 
.. 
""" 
.... 
-/ 
1 
f / 
. ... 
1000 
... 
Probe poolllon 
Fig. 9. Time delay locus curves testing values 
without noise 
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Fig. 10. Flaw border reconstruction through 
a) points of intersection 
b) circular sectors 
Fig. 11 shows the result after isolation. 
The measured and the isolated amplitude-locus-
curve are shown. 
50 
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Fig. 11. Isolated amplitude-locus curves 
In the case of an isotropic reflector - globe 
or cylinder- a horizontal line is obtained as an 
isolated directivity pattern. 
If the reflector has a directivity itself, 
the isolated amplitude-locus curves are no longer 
linear. Therefore globular and flat reflectors 
can be distinguished by their directivity patterns. 
4LJ.3 
The distance law allows a decision whether a 
globular reflector is more like a globe or a cy-
linder and whether a flat is more like a disc or 
a strip (26,27). 
Finally, by inverting scattering formula the 
parameters of the selected models can be deter-
mined; diameters of the globe and the cylinder, 
inclination and diameter of the disc or width and 
inclination of the strip (19). 
The block diagram of the whole procedure is 
shown in Fig. 12. Typical results are given in 
Fig. 13; in the first two columns the true diame-
ters, widths and inclinations, in the next two the 
reconstructed values of measurements in water 
using the procedure described above, and in the 
last column data obtained by the DGS diagrams, 
i.e. equivalent diameters of a circular disc 
perpendicular to the axis of the beam. 
transit time x-locus curve 
Fig. 12. Diagram of reconstruct1on with amplitude 
locus curves. 
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Fig. 13. Results of reconstruction. 
In the last figures the border reconstruc-
tion is demonstrated by means of a test block with 
side-drilled and flat bottomed holes. Fig. 14 
shows a two-dimensional reconstruction using 
locus-curves obtained from four directions. The 
reconstruction is not completely cleaned. Fig. 15 
shows a three-dimensional reconstruction again not 
completely cleaned, and Fig. 16 the final result. 
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Fig. 14. Flaw border reconstruction 20. 
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Fig. 15. Flaw border reconstruction 30. 
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Fig. 16. Final result of flaw border reconstruc-
tion 30. 
At present, work is continuing on the task 
of completing hard-and software and on obtaining 
further approval for test blocks and components 
with real defects. The PISC blocks as well as 
others have been investigated. 
We wish to use the last two figures to give 
an impression about the experimental devices. 
Fig. 17 shows a central mast manipulator which 
fits as well in our laboratory water tank and 
in an experimental pressure vessel (2S).· The 
ultrasonic equipment (29) for activating the 
probes measuring amplitude versus time-delay, 
searching peaks and measuring peak amplitude and 
related time-delay is shown in Fig. 18. 
This work has been performed in scope of the 
reactor safety research program of the Federal 
Ministry of Research and Technology (30). 
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Fig. 17. Central mast manipulator 
Fig. 18. Ultrasonic equipment. 
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